A simple, rapid, and sensitive method with high sample throughput was developed for determining arsenic in traditional Chinese medicine (TCM) in the form of uncoated tablets, sugar-coated tablets, black pills, capsules, powders, and syrups. The method involves microwave digestion with flow injection-inductively coupled plasma mass spectrometry (FI-ICP-MS). Method precision was 2.7-10.1% (relative standard deviation, n = 6) for different concentrations of arsenic in different TCM samples analyzed by different analysts on different days. Method accuracy was checked with a certified reference material (sea lettuce, Ulva lactuca, BCR CRM 279) for external calibration and by spiking arsenic standard into different TCMs. Recoveries of 89-92% were obtained for the certified reference material and higher than 95% for spiked TCMs. Matrix interference was insignificant for samples analyzed by the method of standard addition. Hence, no correction equation was used in the analysis of arsenic in the samples studied. Sample preparation using microwave digestion gave results that were very similar to those obtained by conventional wet acid digestion using nitric acid.
A nalysis of arsenic in traditional Chinese medicine (TCM) is of importance because arsenic is a well-known toxic metal. A 1979 law in Singapore states that the content of arsenic in TCM should not be greater than 5 ppm (by weight; 1). TCMs usually contain herbal products and come in the form of tablets (coated or uncoated), concentrated pills, syrups, capsules, and soluble granules (2) .
Arsenic in TCM is usually determined by digesting samples with a single acid or a combination of mineral acids and analysis by hydride generation atomic absorption spectrometry (3) . Other methods include use of a hyperpress digestor and analysis by Zeeman graphite furnace atomic absorption spectrometry (4) .
Sample preparation is the most critical and most time-consuming step in chemical analysis. Wet acid digestion has been the method of choice because it gives good recoveries for most metals (5) . With microwave digestion using a closed vessel, based on the coupling of electromagnetic radiation with mineral acid to produce high pressure and temperature, the reaction takes less time to complete than with conventional means (6, 7) . Closed-vessel microwave digestion also minimizes loss of volatile analytes such as arsenic, and it has been used on botanical, vegetable, and plant reference materials (6, 8, 9) with good recovery and precision.
Inductively coupled plasma mass spectrometry (ICP-MS) is an attractive system for determining trace metals in botanical materials because of its excellent detection limit, wide linear range, multielement capability, and ability to measure isotope ratios. ICP-MS had been used to analyze trace elements in plant reference materials and other vegetables (8) (9) (10) . Use of flow injection (FI) with ICP-MS is an attractive option compared with direct aspiration of sample. The result is a transient signal from a well-defined volume of sample injected into a carrier stream that carries the sample to the detector. The advantages of combining FI analysis with ICP-MS include high sample throughput, low washout time, reduced sample volumes, and automation of sample preparation (11) .
Spectral interference of chloride in determination of arsenic by ICP-MS is well known (8, 10, 12) . Different correction equations for determination of arsenic by ICP-MS in the presence of chloride have been used (8, 10, 13) , the most common equation of which is as follows: As determination by FI-ICP-MS was investigated, and matrix interference was checked by standard addition. Samples were digested by closed-vessel microwave digestion with nitric acid, and arsenic was determined by FI-ICP-MS. Method validation involving trace analysis of metals was based on various reports (14, 15) . Finally, the efficiency of closed-vessel microwave digestion was compared with that of wet ashing with concentrated nitric acid.
Experimental

Reagents and Standard Reference Materials
High-purity concentrated nitric acid (Aristar grade; BDH, Dorset, UK) was used for acid digestion. Deionized water from Millipore Alpha-Q system (Millipore Corporation, Bedford, MA) that had the capability to produce 18 mS cm was used. One certified plant reference material (sea lettuce, BCR CRM No. 279; Commission of the European Communities, Brussels, Luxembourg) was used. Arsenic and indium reference standards (1000 mg/L) were obtained from Perkin-Elmer Corporation (Norwalk, CT). Working standards of arsenic containing 0, 10, 20, 50, and 100 µg/L with 5 µg indium/L as internal standard were prepared in 1% nitric acid by dilution from reference standards before use.
Microwave Digestion System
A CEM MDS-81D microwave digestion system (CEM Corporation, Matthews, NC) with a 12-position Teflon PFA vessel (from CEM user manual; registered trademark of E.I. Dupont Co.) and a capping station was used. The digestion vessels came with controlled-release valves and were capable of withstanding pressures of up to 1.7 kPa (250 psi). Before use, PFA vessels were soaked in 10% nitric acid. The system initially was programmed at 25% power for 5 min, 50% power for 5 min, and 65% power for 20 min. Microwave power range, 0-100% of full power (630 ± 70 W) in 1% increments.
Sample Preparation
For pills and coated or uncoated tablets, 15 to 20 pills or tablets were taken randomly and ground with a mortar and pestle. For capsules, the contents of 15 to 20 capsules were emptied into a glass container and mixed. Powders and syrups were used without further treatment. A 0.5 g sample was weighed into the PFA vessel followed by addition of 5 mL water. This sample preparation also was used for addition of arsenic standard (0-50 µg/L) to the sample. For wet ashing, 0.5 g sample was weighed into a Nessler tube followed by 5 mL concentrated nitric acid. The sample was digested for 4 h until no brown fume was observed and made up to 25 or 50 mL.
Blanks containing only concentrated nitric acid were prepared at the same time for microwave digestion and wet ashing.
To check method recovery, 50 µL of a 10 mg/L arsenic standard was added to 0.5 g TCM followed by addition of 5 mL concentrated nitric acid.
FI-ICP-MS Measurement
A standard Perkin-Elmer SCIEX Elan 6000 ICP-MS (Thornhill, Ontario, Canada) was operated at the conditions listed in Table 1 . The FI system was Perkin-Elmer FIAS 400, and the autosampler was Perkin-Elmer AS91. The program used to run the Perkin-Elmer FIAS 400 was that recommended in the Perkin-Elmer SCIEX Elan 6000 ICP-MS system software guide. The loop size for the Perkin-Elmer FIAS 400 was 500 µL, and water was used as the carrier solution.
Results and Discussion
Method Optimization
The calibration plot for arsenic, obtained with indium as internal standard, was linear between 0 and 100 µg/L. Instrument limit of detection (LOD) and limit of quantitation (LOQ) based on 3 and 10 times, respectively, the standard deviation of the blank were 0.12 and 0.36 µg/L. Method LOD and LOQ based on 0.5 g sample were 0.012 and 0.036 mg/kg, respectively. Carryovers of arsenic and indium were observed after standards containing high levels of arsenic were run. The memory effect of arsenic and indium disappeared after applying to the FI system a wash cycle with 1% nitric acid.
The effects of chloride in the determination of arsenic by FI-ICP-MS are shown in Table 2 The method of standard addition commonly is used to determine analytes in a sample if analyte-matrix interaction can occur that will produce an inaccurate result with external calibration. It is also used to check the accuracy of an analytical result when no reference material is available (16) .
The method of standard addition was used to validate the method (Table 4 ). Arsenic contents determined by standard addition were similar to those determined by external calibration. Figure 1 shows an external calibration plot with standard addition plot for black pills. Therefore, no significant analyte-matrix effect in the TCM matrix was observed.
The numbers of counts at m/z 77 for different samples (Table 5) did not differ significantly from those of the sample blank. The results of the interference studies and studies of the method of standard addition indicate that a correction equation does not need to be applied to the TCM samples analyzed in this work. However, a correction equation may be required for samples with high levels of chloride.
Method Precision and Accuracy
Parameters that are of main concern in practical method validation include method precision, accuracy, specificity or any possible interference present in the sample matrix, and repeatability and reproducibility. When suitable certified reference materials are not available, checking method accuracy is more difficult.
In this work, method accuracy was checked by use of a certified reference material (sea lettuce, CRM No. 279), comparison of wet acid digestion with microwave digestion, spiking of arsenic into TCM samples, and application of the standard addition method. TCM samples in the form of tablets (uncoated and sugar coated), capsules, powder, black pills, and syrup were used.
Method precision was determined from data obtained by 3 different analysts on different days for different levels of arsenic in different TCM samples (Table 6 ). Method precision was 2.7-10.1% (relative standard deviation, n = 6).
The results for CRM No. 279 from different analysts on different days (Table 7) were within the range certified. In this case, no correction equation was applied because the chloride content was certified to be 25 ppm. Amounts of arsenic in 2 different types of TCM determined by different analysts on different days (Table 7) were in close agreement.
Comparison of the microwave digestion method with wet acid digestion (Table 8) showed that the content of arsenic determined by microwave digestion is in close agreement with that determined by wet acid digestion.
Finally, recovery of arsenic standard spiked into TCM was good (Table 9) .
Conclusions
Determination of arsenic in TCM using closed-vessel microwave digestion and analysis by FI-ICP-MS is simple, sensitive, and rapid, with good precision and accuracy. FI-ICP-MS allows high sample throughput with minimal memory effect. The method was demonstrated to be repeatable with different analysts in our laboratory. Low levels of chloride in the sample does not significantly enhance the 75 As signal or cause matrix interference. Closed-vessel microwave digestion and wet acid digestion do not give significantly different efficiencies. 
